Introduction
Species of Cocconeis are well known as components of the marine attached diatom community (e.g. Suzuki et al., 2001a) , occurring on rocks (epilithic communities), plants (epiphytic), animals (epizoic) or other substrata, where they may constitute communities with very high individual abundances and contribute to species richness (Totti et al., 2007) . The first species to be described (by Ehrenberg, 1837) was C. scutellum, which is the generitype (De Stefano et al., 2008; Jahn et al., 2009) . Cocconeis scutellum and its varieties are still the most commonly reported species in taxonomic and ecological studies due to frequent occurrence, simple valvar morphology and ease of identification under the light microscope (De Stefano et al., 2008) . Recent studies on the morphology of various marine Cocconeis species have revealed great morphological variability and the genus is among the most structurally complex of diatom genera. Cocconeis exhibits a heterovalvar morphology, each frustule being composed of a rapheless valve [exhibiting a sternum (¼ pseudoraphe)] and a raphe valve. This type of morphology is described as being 'monoraphid' (Kobayasi & Nagumo, 1985; Round et al., 1990; De Stefano & Romero, 2005; Molino & Wetherbee, 2008) . One of the most important characters of Cocconeis and related genera is the structure of the cingulum (Holmes et al., 1982) .
Generally, raphid diatoms are among the earliest and most abundant primary colonizers of natural and artificial surfaces (Hoagland et al., 1986) . The structure of the epiphytic community can be influenced by several environmental factors, such as the age of the leaf, the seasonal cycle of the plant or water depth (De Stefano et al., 2000) . The epiphytic diatom communities of the endemic Mediterranean seagrass, Posidonia oceanica are some of the most thoroughly investigated (Mazzella et al., 1994; De Stefano et al., 2000) . Mazzella et al. (1994) found that Cocconeis species are the most frequent and abundant diatoms on P. oceanica leaves throughout the seasons and all along the depth range of the seagrass distribution. De Stefano et al. (2000) documented eight species of Cocconeis on the leaves of P. oceanica. Some of these species can be very abundant and can constitute a continuous, almost monospecific layer on the colonized parts of the leaves (Mazzella et al., 1994) .
In contrast to the Posidonia communities, studies of the diatom communities associated with the marine, green macroalga Caulerpa taxifolia (Bryopsidales, Chlorophyta) are lacking. This alga is out-competing native seaweeds and seagrasses in the Mediterranean by forming dense carpets, leading to a loss of biodiversity. Although C. taxifolia is considered one of the most invasive species in the Mediterranean, it is also indigenous to tropical and subtropical seas worldwide, including Australia (Phillips & Price, 2002) and it has been used widely as a decorative plant in the marine aquarium trade. It was accidentally released from the Monaco Aquarium in 1984 (Meinesz & Hesse, 1991) and rapidly spread across the western Mediterranean basin . Numerous molecular studies strongly support the hypothesis that the invader is a descendant of the so-called 'aquarium-Mediterranean' strain of C. taxifolia from Moreton Bay, Australia (e.g. Wiedenmann et al., 2001; Famaè t al., 2002) . The 'aquarium-Mediterranean' strain also resembles the Moreton Bay population morphologically, both of these having more robust thalli than C. taxifolia found elsewhere (Meinesz et al., 1995; Komatsu et al., 1997; Phillips & Price, 2002) . Moreton Bay experiences minimum winter temperatures similar to the Mediterranean Sea and the two populations of C. taxifolia thus exhibit similar cold tolerance thresholds (Komatsu et al., 1997; Chisholm et al., 2000; Phillips & Price, 2002; Burfeind & Udy, 2009) .
Caulerpa species are characterized by the presence of secondary metabolites, such as caulerpenyne (CYN), the main function of which is a chemical defence mechanism against herbivores and epiphytes Sureda et al., 2008 Sureda et al., , 2009 . A variety of toxic effects due to CYN have been demonstrated, in particular on the sea urchin Paracentrotus lividus, e.g. killing sea urchin eggs (Leme´e et al., 1993) , or affecting them via regulation of intracellular pH, and also having effects on embryogenesis, larval development and metamorphosis (Galgani et al., 1996; Pesando et al., 1996 Pesando et al., , 1998 Smit, 2004) . Maximum concentrations of CYN for the 'aquarium-Mediterranean' strain of C. taxifolia were recorded in autumn and a minimum in spring, and reach values that are much higher than are observed in other Caulerpa species (Dumay et al., 2002) . As the growth and toxicity of C. taxifolia vary greatly within a year (Amade & Leme´e, 1998; Thibaut et al., 2004) , the chemical defence of this species may affect the settlement and development of different sessile organisms in invaded systems with different intensities (Prado & Thibaut, 2008) . The specific composition of diatom communities of C. taxifolia has not been examined, in spite of the potentially important role of epiphytic diatoms in the functioning of the ecosystems influenced by C. taxifolia. This lack of information is of particular importance because of the existence of toxins, and because a new marine species of Cocconeis, C. shikinensis, has also been found growing on another species of Caulerpa, C. racemosa (Suzuki et al., 2001b) .
The framework of this research project included studies of the diatom flora epiphytic on Caulerpa taxifolia, and we have focused on the Cocconeis species, which constitute the majority of the diatom population. The epiphytic diatom assemblage on thalli of Caulerpa taxifolia was found to be largely dominated by a species of the genus Cocconeis that could not be identified. The aim of the present paper is to document the morphology of this species, based on light microscopy (LM), scanning electron microscopy (SEM) and transmission electron microscopy (TEM), and to describe it as new following a comparison with similar species, such as Cocconeis diruptoides Hustedt, C. pseudodiruptoides Foged and C. borbonica Riaux-Gobin & Compe`re.
Materials and methods
Samples of an unidentified Cocconeis, described here as C. caulerpacola, were obtained from thalli of Caulerpa taxifolia collected during summer and autumn 2008 and in 2010 by SCUBA diving at the following localities ( Fig. 1): . All the sampling sites were quite shallow (5-8 m depth) and water temperatures were 19-25 C. Caulerpa taxifolia was carefully detached without damaging the fronds from the seafloor at depth of c. 5 m.
In order to compare the epiphytic diatom community on C. taxifolia with communities reported in previous studies and to provide information about host-dependence, particularly because of the existence of toxins characteristic for Caulerpa species, we also sampled coexisting autochthonous seagrasses and macroalgae. Description of a new marine diatom Cocconeis caulerpacola borbonica was obtained from a sample from the western Indian Ocean (Juan de Nova Island, collected in April 2009). Samples were cleaned of organic material for LM and electron microscopy (EM) observations by boiling with 30% H 2 O 2 and adding 10% HCl to remove CaCO 3 .They were then rinsed with deionized water, pipetted onto ethanol-cleaned cover-slips and left to air dry, before mounting in Naphrax Õ . Specimens of C. caulerpacola were photographed with a Nikon Eclipse 600 light microscope (Nikon, Tokyo, Japan) equipped with differential interference contrast (DIC), and a Zeiss Axioskop (Phase Contrast and DIC) (Zeiss, Jena, Germany), in both cases using a 100Â oil immersion objective (n.a. ¼ 1.40). A few images were also taken from our material using advanced light photomicrography by Wulf Herwig: for a detailed description of this method see http://www.microscopy-uk.org. uk/mag/artmar11/Advanced_Light_Photomicrography. pdf.
Ultrastructural analysis was performed with SEM and TEM. A drop of the cleaned sample was filtered onto Whatman Nuclepore polycarbonate membranes (pore sizes 0.015 or 0.030 mm; Whatman International, Maidstone, England) for SEM. Filters were air-dried overnight, mounted on aluminium stubs and coated with gold-palladium or osmium. SEM observations were made primarily at the Warsaw University of Technology, Faculty of Materials Science and Engineering, using a Hitachi S-3500, SU-70 and SEM/ STEM S-5500, in which the specimens can be observed simultaneously in scanning and transmission mode. Further SEM observations were done at the University of Frankfurt using a Hitachi S-4500 (Hitachi, Tokyo, Japan). Selected parts of C. taxifolia thalli were dried in liquid carbon dioxide and sputter coated in order to observe diatom assemblages in situ in SEM, using the Hitachi S-4500.
Slides and prepared material have been deposited in the diatom collection (SZCZ) of the Institute of Marine Sciences, University of Szczecin, Szczecin (Poland). Terminology follows Round et al. (1990) .
Results
Scanning electron photomicrographs demonstrated the presence of attached diatoms on the surface of the investigated macroalga and seagrass. The community showed high diversity. The diatom assemblage showed a distinct host-dependent difference at the species level. The dominant genera were roughly similar between the two Caulerpa species. Cocconeis comprised the dominant group of epiphytes on the investigated macroalga Caulerpa taxifolia. A new species of Cocconeis was found to be growing both on invasive Mediterranean and Australian native specimens of Caulerpa taxifolia, as well on invasive ETYMOLOGY: The specific epithet refers to generic name of a host plant (Caulerpa taxifolia) on which this species grows abundantly.
Gross morphology. The frustules are rectangular in girdle view (not shown). The valves are strictly linear-elliptical with broadly rounded apices, 10-18 mm long, 3-4 mm wide (Figs 1-13 ). The raphe valve (RV) has a sigmoid raphe sternum and raphe (8) (9) (10) . The axial area is barely distinguishable in LM, whereas the central area is fairly distinct, taking the form of a transapically expanded fascia that usually extends almost to the valve margins (8) (9) (10) . The sternum valve (SV) has a narrow, slightly sigmoid sternum, which is not noticeably enlarged at the centre (Figs 6, 7, (11) (12) (13) . The transapical striae are not resolvable in LM, either on the RV or the SV, unless observed with special methods, such as advanced light photomicrography (Figs 2-4) . Specimens of Cocconeis caulerpacola observed with TEM and SEM are illustrated in Figs 14-49, including some in situ on Caulerpa taxifolia fronds 23, 25, 27, 28, 32 and 33) . Cells are attached to Caulerpa by the whole of the valve face of the raphe valve (Fig. 27, and Fig. 28 at right) . Supplementary SEM observations of Cocconeis caulerpacola are illustrated in Figs S1-S8.
Raphe valve. The external surface is slightly concave with an elevated raphe sternum (Figs 19, 20, 42) . The axial area is very narrow and symmetrical, with a transapically extended central area in the form of a fascia, which reaches the valve margins (Figs 19, 20, 29, 31) . The fascia seems to be created by the absence of a single stria in the middle of the valve (Figs 14, 17, 20) . The raphe is sigmoid, with the external central endings usually very slightly expanded (Figs 14, 20, 31 , but see Fig. 22 ). The external apical endings are slightly expanded, terminate at some distance from the apices (areolae are present between the raphe endings and the valve margin at the pole: Figs 14, 16, 21) , and are very slightly bent in opposite directions (Figs 14, 19, 42, 43) . The transapical striae are parallel in the middle, becoming radiate towards the apices, and number 40 in 10 mm. The striae are slightly depressed below the coarser interstriae (virgae). All of the valve face areolae are of approximately the same size and shape (square to rounded: Figs 14, 16, 20) , the only exceptions being a few larger areolae near the central raphe endings (Figs 20, 22) , and a row of areolae next to the valve margin: these latter are (Fig. 23) ; 2 mm (Fig. 20) ; 1 mm ( Figs 21, 24) ; and 500 nm (Figs 22, 26). transapically elongate (Figs 14, 20, 43) . The areolae are occluded by hymenate occlusions containing apically oriented slits (Figs 20-22) . The valve surface is flat internally and the raphe sternum is slightly elevated (Figs 28, 30, 31) . The internal central raphe endings are very slightly expanded and bent in opposite directions (Figs 17, 22, 31, 44) . The apical internal raphe endings terminate in small, simple helictoglossae which are slightly bent in opposite directions (Figs 21, 30, 31, 45) . Extra SEM observations of selected raphe valves of C. caulerpacola are illustrated in Figs S1-S4.
Sternum valve. The valve external surface is slightly convex at the margin becoming flat in the middle (Figs 23, 28, 33) . The sternum is slightly sigmoid and depressed below the valve surface (Figs 23, 41) and sometimes bears the remnants of a raphe (Figs 18, 34) . The transapical striae are parallel in the middle, becoming radiate towards the apices, and number 44-46 in 10 mm. The striae are crossed by a few longitudinal ribs, resulting in the development of rectangular, transapically elongate areolae (Figs 15, 18, 36) . The areolae are occluded with the same type of hymenate occlusions as in the raphe valve (Figs 24, 26, 34, 35, 49) . The SV surface is concave internally along the margin becoming flat in the middle with the sternum elevated above the remainder of the valve interior. The girdle is composed of a few (at least four) plain, open copulae (Figs 34-41) . The advalvar margin of the valvocopula possesses shallow undulations (Figs 16, 38 , 39, External and internal views of cleaned sample. 31. Raphe valves, internal view. Note the internal central and apical raphe endings. Scale bars ¼ 10 mm (Fig. 27) ; 6 mm (Fig. 29) ; 4 mm (Fig. 30) ; and 3 mm (Figs 28, 31) . 41), which appear to match the valve interstriae in their spacing and fit around them in vivo (Fig. 40) . Supplementary SEM observations of the selected sternum valves of C. caulerpacola are illustrated in Figs S5-S8.
Differential diagnosis. The newly described species shows some resemblance, in terms of valve outline and the sigmoid raphe (see also Hustedt, 1933; Foged, 1975; Simonsen, 1987; Witkowski et al., 2000) , to C. diruptoides (Figs S9-S12) and C. pseudodiruptoides (Figs S13-S17). These taxa differ, however, with respect to size range and stria density (Table 2) , C. caulerpacola being much smaller and more finely striated. Cocconeis caulerpacola also shows some similarities in terms of general valve outline and size to C. borbonica (Riaux-Gobin & Compe`re, 2008) . However, they differ with respect to raphe characteristics and stria density. Cocconeis borbonica has a higher stria density, the raphe is not sigmoid but straight, and the fascia does not reach the margin of the raphe valve, in contrast to C. caulerpacola (Fig. S25, contrast Fig. S24 ).
Discussion
A thorough taxonomic survey of the relevant diatom literature (e.g. Hustedt, 1933; Foged, 1975; Montgomery, 1978; Simonsen, 1987 ; Witkowski (Fig. 36 ) of sternum valve interior showing transapically elongate areolae. The areolae contain the same type of hymenate occlusions as in the raphe valve. Scale bars ¼ 6 mm (Fig. 32) ; 4 mm (Fig. 36) ; 3 mm (Fig. 33) ; and 500 nm (Figs 34, 35) .
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et al., 2000) did not reveal any described species corresponding to C. caulerpacola. It is in some respects close to C. diruptoides and C. pseudodiruptoides, possessing a comparable valve outline and a similar sigmoid appearance of the raphe and the sternum. Like C. caulerpacola, C. diruptoides occurs in the Adriatic Sea as an epiphytic diatom on leaves of Posidonia oceanica (De Stefano & Marino, 2001 ), but C. caulerpacola is much smaller and has a much higher stria density. Similar to C. diruptoides, C. pseudodiruptoides has much lower stria densities than C. caulerpacola, the striae being easily recognizable under LM on both valves (contrast C. caulerpacola), and the raphe and sternum are more strongly sigmoid. Cocconeis caulerpacola and C. borbonica resemble each other in shape and size (both are tiny) and the striation is hardly discernible in LM. However, other features permit them to be differentiated: fascia on the RV does not reach the valve margins in C. borbonica (contrast C. caulerpacola), and the raphe is straight in C. borbonica (sigmoid in C. caulerpacola).
Figs 37-41. Cocconeis caulerpacola from France, SEM. 37. Frustule in oblique view. 38. Valvocopulae detached from frustules of C. caulerpacola. 39, 40. Close ups of valvocopulae: the pars interior has an undulate margin fitting over the valve interstriae. 41. Whole frustule with detached valvocopula. Scale bars ¼ 4 mm (Fig. 41) ; 3 mm ( Figs 37, 38) ; and 500 nm (Figs 39, 40 ).
Description of a new marine diatom Cocconeis caulerpacola
Caulerpa taxifolia is apparently a suitable host for epiphytic diatoms because it tolerates some degree of microbial fouling, despite its common reputation as the 'killer seaweed'. The major feature of the diatom microflora of C. taxifolia is that epiphytes are composed almost exclusively of diatoms from the genera Cocconeis and Mastogloia, as on the leaves of Posidonia oceanica growing in similar sandy habitats of the Mediterranean. It was therefore expected that the species composition of (Fig. 43) ; 4 mm (Figs 46-48); 3 mm (Fig. 42); 1 mm (Figs 44, 49) ; and 500 nm (Fig. 45) .
A. Car et al. 444 the epiphytic diatom assemblage on Caulerpa taxifolia might be similar to that on P. oceanica. However, whereas the most abundant taxa on Posidonia are C. scutellum var. posidoniae and C. neothumensis var. marina (De Stefano et al., 2000) , the most striking characteristic of the epiphytic flora of C. taxifolia -both in the Mediterranean, where it is an invader, and in Australia, where it is native -is the predominance of Cocconeis caulerpacola.
The distribution of Cocconeis caulerpacola, occurring on both Caulerpa taxifolia in Australian marine waters and on invasive C. taxifolia in the Mediterranean, is interesting and in accordance with DNA analyses showing the origin of C. taxifolia to be from Moreton Bay, Queensland, Australia. Allozyme surveys have suggested that populations with a robust form of C. taxifolia in eastern Australia may be genetically more similar to populations with similar morphology in the Mediterranean than to populations with a finer morphology on the central Great Barrier Reef in north-east Australia (Benzie et al., 2000) . Furthermore, sequencing of the Internal Transcribed Spacer (ITS) region of ribosomal DNA have indicated an aquarium origin of the Mediterranean C. taxifolia and also a genetic similarity between the Mediterranean strain and Australian populations (Jousson et al., 1998 (Jousson et al., , 2001 Meusnier et al., 2001; Fama`et al., 2002) . DNA signatures of C. taxifolia have also provided evidence for the introduction of an aquarium strain into the Mediterranean Sea and showed the close relationship of the 'aquarium-Mediterranean' strain to an Australian population from Moreton Bay (Wiedenmann et al., 2001) . Finally, the presence or absence of a chloroplast intron in the rbcL gene supports the hypothesis that Mediterranean and Australian populations belong to the same lineage. Among natural populations, specimens that possess the intron are restricted to tropical areas (Caribbean, Red Sea, South-East Asia), whereas those that lack it are present from subtropical North-eastern Australia (Queensland) to the temperate waters of South-eastern Australia (New South Wales) (Fama`et al., 2002) . The rbcL intron is lacking in introduced populations from the Mediterranean, as well as in aquarium samples.
Despite different geographical locations and a great difference in CYN values between the two assayed species of Caulerpa, C. taxifolia and C. racemosa, there is a general similarity between their diatom assemblages, including the occurrence of the new Cocconeis. However, a higher number of specimens of C. caulerpacola were observed on C. taxifolia than on C. racemosa. Periods of higher abundance of C. caulerpacola appear to coincide with maximum toxicities observed for C. taxifolia Description of a new marine diatom Cocconeis caulerpacolain summer and autumn, while the minimum abundance is observed in winter and spring (Dumay et al., 2002 Fig. S3 . Raphe valve internal view. Note the internal central and apical raphe endings. Fig. S4 . Frustule in oblique view. Fig. S5 . Valvocopulae detached from frustules of C. caulerpacola. Fig. S6 . Sternum valve photographed in situ on Caulerpa taxifolia. Fig.  S7 . Sternum valve from prepared material showing generally convex surface along the margins then becoming flat with a slightly depressed sternum. Fig. S8 . Internal view of the sternum valve. Scale bars ¼ 4 mm (Fig. S2) ; 3 mm (Figs S1, S3, S5-S8); and 1 mm (Fig. S4) .
Figs S9-S12. Cocconeis diruptoides from Vis (Hustedt Diatom Collection, E74), LM. Scale bar ¼ 10 mm.
Figs S13-S17. Cocconeis pseudodiruptoides, LM. Indian Ocean, Tanzania, Coll. Foged (1975) , Holotype slide. Scale bar ¼ 10 mm.
Figs S18-S23. Cocconeis diruptoides and Cocconeis pseudodiruptoides from Vis (Hustedt Diatom Collection, E74), SEM. Figs S18-S20. Cocconeis diruptoides, type material. Raphe valves internal views. Note the internal central and apical raphe endings. Fig. S21 . External view of raphe valve. Note the concave valve surface and the sigmoid raphe. Figs S22, S23. Cocconeis pseudodiruptoides. External view of raphe valve. Scale bar ¼ 6 mm (Fig. S19) ; 5 mm (Figs S18, S21); 4 mm ( Figs S22, S23) ; and 600 nm (Fig. S20) .
Figs S24-S25. Comparison of Cocconeis caulerpacola (sample from France) and C. borbonica (sample from Western Indian Ocean, Juan de Nova Island), TEM. Fig. S24 . Raphe valve of Cocconeis caulerpacola. Note that both endings are slightly bent into opposite sides. Fig. S25 . Raphe valve of Cocconeis borbonica. Note the straight raphe and the presence of a fascia on the RV, which does not reach the valve margins (arrow). Scale bars ¼ 4 mm.
